ABSTRACT In this paper, the downlink throughput capacity of hybrid wireless networks is mainly studied. Multiple-input multiple-output (MIMO) technology is assumed to be equipped on the base station and nodes to improve communication performance and increase the whole network throughput. A wireless network is also set up, with a wired network of base stations to support the remote communication of wireless nodes. In order to overcome the inter-cell interference, the frequency reuse technology is adopted. Under the favorable propagation condition, MIMO significantly mitigates the effect of fading between the node antenna and the base station antenna. We first analyze the downlink outage throughput capacity in slow fading scenarios and get the close-form outage capacity. Then, we analyze the ergodic throughput capacity over fast fading channel and get the ergodic capacity in both low SNR and high SNR scenarios. Finally, the availability of MIMO technology is proved by computer simulation.
I. INTRODUCTION
The paper focuses on the hybrid wireless network [1] that consists of two parts: one is the self-organized network that contains n self-organized nodes which have the functions of sending and receiving data. In addition, the operation of the network obeys the general self-organized network mode; the other part is infrastructure that is base stations connected by high-bandwidth wired links. The base station serves as a relay node to help self-organized nodes transmit data, while it is considered as neither the source node nor the destination node.
The analysis and estimation of network capacity have important theoretical value to guide network design, improve network efficiency and enhance the operational support capacity. For the hybrid wireless network contains n nodes and b base stations, its throughput is defined as the amount of data sent from the source node to the destination node in unit time over either the ad hoc mode or the infrastructure mode. To analyze the throughput in the fading channel [2] , we divide the channel into fast fading and slow fading ones. In the slow fading scenario, the signal duration is shorter than the channel coherent time. Then, the outage probability and outage throughput capacity [3] are used to evaluate performance. Besides, ergodic capacity [4] serves as the performance indicator in the fast fading channel.
A lot of research work has been done. UIUC's Gupta and Kumar blazed a trail in capacity analysis of the large-scale wireless network. In [5] , they analyzed the throughput capacity of the arbitrary network and the random network. Through asymptotic analysis, they got the expression of the largescale wireless network that is ( 1 √ n log n ) bit/s (random network) and (
) bit/s (arbitrary network). Then, they proved that the throughput capacity tends to zero with the increase number of nodes. Reference [6] points out that the number of base stations determines the effect of infrastructure. For a two-dimensional hybrid network with b base stations, if the base station increases at a faster rate of b = ( √ n), the maximum capacity of each node is θ (b/n). Wang Xin has studied the scaling law of data transmission limits of hybrid wireless networks over fading channels in [7] and [8] . The squared cell model is assumed with b base stations and n wireless nodes. Under the infrastructure mode, the per-node outage throughput capacity is T (n, b) = θ( b n log(∈ 1 m n b )W 2 ) (slow fading scene) and the ergodic throughput capacity is
Here, W 2 is the bandwidth assigned for downlink infrastructure transmission. It is obvious that the infrastructure mode is bottlenecked by the downlink transmission because the base station is the only transmitter in the cell during the downlink phase.
In order to break the bottleneck of downlink transmission, we adopt the multiple-input multiple-output (MIMO) system [9] , by which a plurality of antenna elements is equipped at the base stations and nodes to increase the downlink throughput. In this paper, we focus on studying how the downlink throughput capacity is scaled with the number of nodes n, the number of base stations b, the number of transmit antennas Nt and the number of receive antennas Nr.
The rest of the article is arranged as follows. In the second part, we develop a wireless hybrid network model. The derivation of outage capacity and ergodic capacity is given in Section 3 and Section 4. In Section 5, the whole literature is summarized.
II. NETWORK MODELING A. HYBRID WIRELESS NETWORK MODEL
We construct a hybrid network model for subsequent analysis.
1 3) Each cell only has one base station. Furthermore, b = o( n log n ) is assumed to ensure that b tends to infinity at a relatively slow rate when n tends to infinity. 4) We install N antennas at both the base station and the node end, and the data stream is transmitted through multiple antennas. The downlink signal transmitted by the base station Bi antenna to the j-th antenna of a node is represented as
where X i t is the complex baseband signal transmitted by the ith antenna of the base station at time t; Y j t is the complex signal received by the jth antenna of the node at time t, and Z is Gaussian noise, whose mean is 0 and the variance is N 0 . And α ij characterizes both the largescale attenuation and small-scale fading of the channel. Bi transmits with power P and the signal is received at node j with power P · min(1,
denotes the large-scale radio attenuation function, in which γ (γ > 0) is an absorption constant of the attentuation and α (α > 2) is the path-loss exponent. Besides, d j represents the distance between base stations and nodes. And h B i j is the fading exponent of channels.
B. MIMO IN THE HYBRID NETWORK
The traditional antenna communication system is a communication system using a single transmitting antenna and a receiving antenna, and has a bottleneck in communication capacity -Shannon capacity limitation. Multiple Input Multiple Output (MIMO) technology can significantly enhance system capacity and performance. It is shown that the spacetime coding and decoding system (MIMO system) can multiply spectral efficiency and increase channel capacity without increasing the signal bandwidth and transmitting power in the multipath environment. The MIMO principle is shown in The number of antennas and the distance between them are key parameters in the progress of MIMO system design. The installation of a large number of antennas at the base station will cause damage to the surrounding environment, so the number of antennas should be controlled at a moderate level, such as four. Besides, generally, 10 wavelengths are chosen as the distance that is slightly large, for the reason that the base station is generally installed at a higher position and there is no guarantee that there will always be local scatterers that can decay the correlation. For the terminal, a half wavelength of antenna spacing is chosen to guarantee a considerable number of uncorrelated fading, since the terminal is generally located between local scatterers. Moreover, there is no direct propagation path, and the number of terminal antenna is generally selected from two to four. VOLUME 5, 2017 C. FREQUENCY REUSE Because the incoming and outgoing communications between nodes are transported at different orthogonal subchannels, there is no interference between them. However, in the same sub-channel, the same type of communication between different units will still interfere with each other. Frequency reuse can reduce interference. Specifically, we gather the cells into different clusters according to the corresponding rules. The cells in each cluster are assigned to different frequency bands, but the frequency bands can be reused at different clusters. Therefore, if there is a sufficient distance between these units, the same frequency units (in different clusters) can be transmitted simultaneously without undue interference.
Lemma3: For a unit of clusters (a > 0), in order to make any cell of it use any frequency band to communicate, there is a M2 (M = 2(a + 1)) reuse policy. In this case, each cell in the network can communicate under limited interference.
Proof: [6] has proved that the interference from the cells which use the same frequency bands converges to θ((
and at the same time, n tends to infinity. Here, we will prove that the downlink interference also has a convergence.
M 2 frequency bands form a set {f 1 , f 2 , . . . , f M 2 }, and it is assigned to M 2 cell of a cluster. For any cell, the cells in other clusters which use the same frequency band will cause interference to it. As is shown in Figure 3 , the largest interference comes from 8 cells of the first floor, while each layer cell outside has their corresponding interference. Through the total interference that expands to the entire space, for the downlink, each cell has a transmitter. The upper bound of this sum is
The lower bound of the interference is
Obviously, for α> and γ > 0, the interference converges to c α , and when k tends to infinity, the co-channel interference will decay at the rate θ ((
). This proves that the downlink interference is limited, so I is treated as additive colored Gaussian noise in the next derivation.
D. TRANSMISSION MODE
There are two kinds of transmission modes in the hybrid wireless network. 
1) AD HOC MODE
In the ad hoc mode, the source node and the destination node are in the same cell. Without the support of infrastructure, the data are transmitted through the multi-hop scheme.
2) INFRASTRUCTURE MODE
Due to the destination node located in another cell, the transmission is divided into three phases.
1. The data is transmitted from the source node to the base station in the same cell. 2. The base station sends data to another base station in the destination cell through the wired network. 3. The target base station transmits data to the destination node through the MIMO system. The last step is exactly the downlink phase that we focus on in the study.
III. OUTAGE THROUGHPUT CAPACITY OF HYBRID WIRELESS NETWORKS
In this section, we mainly analyze the base station throughput capacity [10] - [15] of the downlink in the wireless hybrid network. Here, the downlink phase is considered as the base station to send information directly to the node side of the cell. Therefore, both the cooperation between base stations and interference are not considered.
The outage capacity of the downlink phase is
Here, h B i j represents the channel gain of the i-th antenna of the base station to the j-th antenna of the node; λ is the proportion of the bandwidth allocated to each channel,
, and I is the interference between the cells.
Since the Nakagami-m fading model is taken into consideration, the probability density function is
is the fading factor; = E(h 2 The signal power of the Nakagami-m fading follows the gamma distribution, so h B i j 2 follows
Hence,
n r j=1 h B i j 2 follows (n r n t m,
We use T to replace the right side of the interrupt probability, so the outage probability can be expressed as
There is an approximate calculation, and we will use 1 instead of e −x , because the capacity of the closed solution can't be obtained when using e −x to calculate
Here sin r = P min(1,ρ −α e −γρ ) λWN 0 +I . Solving Pout = ε, we obtain the downlink outage capacity Finally, Monte Carlo simulations are employed to demonstrate the validity of the theoretical derivation. Figure 4 (m = 1, e = 0.01) shows that the outage capacity increases with the number of transmit and receive antennas. As shown, each simulation curve is close to the theoretical curve, but there is a certain distance, because we use e −x to replace 1. At the same time, as the number of antennas increases, the simulation values become farther and farther away from the theoretical value because we adopt equal power allocation in each parallel channel.
IV. ERGODIC THROUGHPUT CAPACITY OF HYBRID WIRELESS NETWORKS
In this section, we mainly analyze the downlink ergodic throughput capacity under the infrastructure mode. In the uplink phase, the source and the opportunistic nodes simultaneously transmit the information to the base station of the cell. Then, the base station decodes all the received data and forwards them to base stations of target cells through the wired network. Finally, the data is sent to the destination node via the downlink phase.
In the fast fading scenario, we use ergodic capacity R as performance indicators.
Here, the meaning of each parameter is the same as before and sin r = 
Here, we make a replacement mx = t to get (12) , while (b) is derived from the following formula
with an exponential function.
Next, we analyze the ergodic throughput capacity at high SINR and low SINR respectively. In the low scenario, we make such an estimation ln(1 + x) ≈ x, and the transmission rate can be calculated as = n r n t sinr · log e 2
Here, (a) follows
Similarly, we adopt such a replacement log(1+x) ≈ log(x) and get the formula:
m n r n t m (n r n t m) x n r n t m−1 e −mx dx
FIGURE 5. Downlink ergodic capacity over Nakagami-m fading channel.
Here (a) follows
We use the Monte Carlo simulation to prove the validity of our derivation, and choose m = 1, as shown in Figure 5 . The simulation curve is fit for the theoretical curves at high SINR and low SINR scenarios. At the same time, under the low SINR scenario, when we set the number of antennas as 1, 2 and 4, the ergodic capacity has improved significantly.
V. CONCLUSIONS
In this paper, we mainly analyze the downlink capacity of the wireless hybrid network. In order to break down the downlink capacity bottleneck, we use the multi-input multioutput(MIMO) system. First, we treat the outage capacity as the performance criterion in the slow fading channel and the closed-form expression is derived at the Nakagami-m fading channel. Further, we analyze the ergodic throughput capacity over the fast fading channel and get ergodic capacity in both low SNR and high SNR scenarios. The Monte Carlo simulation is adopted to prove the improvement of the throughput by the MIMO system. Our work will provide theoretical and technical arrangement for later wireless network design. 
